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economy	[1].	The	vast	majority	of	 this	32,000km	of	rail	 infrastructure	 is	supported	by	pre-
stressed	 concrete	 sleepers	 (PCSs)	 and	 crossing	 bearers	 (CBs).	 	 These	 concrete	 members	
provide	lateral	restraint	and	vertical	support	to	the	running	steel	rails.	The	PCSs	and	CBs	are	
in	turn	supported	on	three	sides	by	track	ballast;	crushed	stone	30-50mm	in	diameter.	Since	
their	 introduction	 in	 the	1950s,	PCSs	have	superseded	 traditional	wooden	sleepers	 in	new	
track	and	Network	Rail	(NR)	replaces	approximately	200,000	timber	sleepers	each	year	with	
PCSs.	However,	despite	 the	 reliance	of	 the	UKs	 rail	 network	on	 these	 concrete	 structures,	
and	 the	 simplicity	 of	 their	 geometry,	 surprisingly	 their	 structural	 behaviour	 is	 poorly	
understood.	 PCSs	 are	 attached	 to	 the	 running-rail	 (and	 other	 components,	 such	 as	 the	
electrified	 third	 rail)	 through	cast-in-place	 inclusions.	 Two	 types	 commonly	used	are:	 steel	
shoulders,	designed	to	clamp	the	rail	through	a	reaction	spring,	and	threaded	plastic	inserts	
to	 allow	 in-situ	 bolting	 of	 components	 (such	 as	 the	Vossloh	 dowel	 fastening	 solution	 [2]).	
The	plastic	 inserts	are	soft	relative	to	the	surrounding	concrete	(10-40	times	 lower	Youngs	
moduli)	 and	 create	 local	 stress	 concentrations	 exaggerated	 by	 high	 longitudinal	 pre-
stressing.	These	concentrations	have	the	potential	to	initiate	longitudinal	fractures	that	can	
significantly	reduce	the	support	system’s	designed	50-year	service	life.	In	order	to	maintain	a	
safe,	 reliable	 and	 resilient	 rail	 network	 it	 is	 essential	 to	 understand	 how	 the	 concrete	




impact	 loading	 and	 rail-seat	 deterioration	 [3,4].	 However,	 there	 have	 been	 a	 few	 recent	
studies	that	have	focused	on	the	initiation	of	fracture	around	the	rail	fastener	bores.	One	of	
these	with	particular	relevance	to	this	work	is	a	2012	study	by	Rezaie	et	al.	[5]	focusing	on	
this	 behaviour	 on	 monoblock	 sleepers	 used	 in	 Iranian	 railways.	 A	 more	 recent	 study	 by	
Rezaie	and	Farnam	in	2015	[6]	looks	at	the	effect	of	fracture	initiation	length	on	the	integrity	
of	the	sleepers.	In	particular	their	work	links	to	this	research	by	investigating	the	level	of	pre-






tensile	 stresses	 in	 the	direction	perpendicular	 to	 the	 longitudinal	 axis	 of	 the	 sleeper	were	
produced	around	the	plastic	sockets	-	reaching	approximately	80%	of	the	tensile	strength	of	






This	 article	 describes	 a	 numerical	 framework	 that	 can	 be	 used	 to	 assess	 any	 potential	
material	 instabilities	 (that	 is,	 fracture	 initation)	 that	 arise	 around	 cast-in-place	 inclusions	
within	a	concrete	body.	 	 In	particular	the	numerical	analyses	presented	 in	this	paper	focus	












regions.	 	 This	 failure	 surface,	𝑓 = 0,	 is	 shown	 in	 Figure	 1	 in	 both	 biaxial	 stress	 space	 and	
principal	 stress	 space.	 The	 surface	 requires	 the	 specification	 of	 the	 concrete’s	 uniaxial	
compressive	strength,	uniaxial	tensile	strength	and	friction	angle	in	the	compressive	regime.		
The	 tensile	 strength	 of	 the	 concrete	 can	 normally	 be	 assumed	 to	 be	 10-15	 times	 smaller	
than	the	compressive	strength.		In	this	work	we	assume	that	the	compressive	strength	of	the	











Since	 the	 1958	 and	 1962	 papers	 by	 Hill	 [7,8],	 there	 has	 been	 a	 strong	 interest	 in	 the	
mathematical	 identification	 of	 instabilities	 that	 can	 be	 predicted	 purely	 from	 the	
characteristics	of	the	material	models	that	we	use	to	represent	the	behaviour	of	engineering	
materials.	 	 Failure	 indicators	 in	 materials	 can	 be	 grouped	 into	 two	 categories:	 (i)	 loss	 of	
stability	 and	 (ii)	 fracture	 [9].	 	 The	 key	 difference	 is	 that	 in	 the	 case	 of	 fracture	 a	 jump	 is	
observed	 in	 the	 strain	 field.	 The	 development	 of	 a	 fracture	 can	 be	 detected	 through	







Here	 a	 single	 plastic	 socket	 is	 analysed	with	 geometry	 similar	 to	 that	 of	 a	 Vossloh	 dowel	
fastening	solution	[2].	Only	a	local	region	of	concrete	surrounding	the	socket	was	modelled	
using	 finite	elements.	The	elastic	material	constants	 for	 the	concrete	material	model	are	a	
Young’s	 modulus	 of	 45GPa	 and	 a	 Poisson’s	 ratio	 of	 0.2,	 the	 strength	 parameters	 were	
detailed	 earlier.	 The	 plastic	 socket	modelled	 as	 an	 isotropic	 linear	 elastic	material	 with	 a	
Young’s	modulus	of	1.1GPa	and	a	Poisson’s	ratio	of	0.2.		Note	that	here	the	plastic	socket	is	
40	 times	 softer	 than	 the	 concrete.	 The	 finite-element	 analyses	 were	 conducted	 using	 a	
bespoke	finite-element	code	developed	at	Durham	[11].	
	
The	 volume	 of	 concrete	 modelled	 had	 a	 height	 of	 165mm	 and	 a	 width	 and	 breadth	 of	
250mm;	 typical	 sleepers	 and	 bearers	 have	 cross	 sections	 ranging	 between	 140-205mm	 in	






length	 of	 the	 socket.	 Full	 displacement	 compatibility	 was	 assumed	 between	 the	 concrete	
and	plastic	elements	and	only	pre-stressing	loads	were	considered.	
	







red	 circles.	 	 Material	 first	 begins	 to	 fail	 at	 a	 pre-stress	 of	 3MPa	 with	 the	 failed	 material	
located	at	the	longitudinal	limit	of	the	plastic	socket.		Once	the	pre-stress	has	reached	6MPa	

























set	 up	 to	 match	 the	 numerical	 analysis.	 	 XRCT	 equipment	 combined	 with	 image	
reconstruction	produces	a	3D	image	of	the	sample,	which	allows	visualisation	on	the	internal	
structure	 of	 a	material.	 	 In	 the	 figure	 dense	material	 appears	 as	 light	 grey	 and	 voids	 are	









The	 analysis	 presented	 in	 this	 paper	 considered	 a	 plastic	 dowel	 with	 geometry	 typical	 of	
those	used	to	attach	components	to	pre-stressed	concrete	sleepers	and	crossing	bearers.	It	
was	 observed	 that	 fractures	 first	 develop	 at	 a	 pre-stress	 of	 approximately	 6MPa	 once	 a	
failure	zone	has	developed	through	the	full	depth	of	the	concrete.	The	fracture	appears	to	
behave	as	a	dilative	shear	band	starting	from	the	surface	of	the	plastic	socket.	A	noticeable	
difference	 was	 observed	 between	 the	 directions	 predicted	 by	 the	 proposed	 fracture	
criterion	and	those	obtained	from	other	methods.	Based	on	the	analyses	presented	 in	this	
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